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ABSTRACT
Quasar feedback is suspected to play a key role in the evolution of massive galaxies, by
removing or reheating gas in quasar host galaxies and thus limiting the amount of star for-
mation. In this paper we continue our investigation of quasar-driven winds on galaxy-wide
scales. We conduct Gemini Integral Field Unit spectroscopy of a sample of luminous unob-
scured (type 1) quasars, to determine the morphology and kinematics of ionized gas around
these objects, predominantly via observations of the [O iii]λ5007Å emission line. We find
that ionized gas nebulae extend out to ∼13 kpc from the quasar, that they are smooth and
round, and that their kinematics are inconsistent with gas in dynamical equilibrium with the
host galaxy. The observed morphological and kinematic properties are strikingly similar to
those of ionized gas around obscured (type 2) quasars with matched [O iii] luminosity, with
marginal evidence that nebulae around unobscured quasars are slightly more compact. There-
fore in samples of obscured and unobscured quasars carefully matched in [O iii] luminosity
we find support for the standard geometry-based unification model of active galactic nuclei,
in that the intrinsic properties of the quasars, of their hosts and of their ionized gas appear
to be very similar. Given the apparent ubiquity of extended ionized regions, we are forced to
conclude that either the quasar is at least partially illuminating pre-existing gas or that both
samples of quasars are seen during advanced stages of quasar feedback. In the latter case, we
may be biased by our [O iii]-based selection against quasars in the early “blow-out” phase, for
example due to dust obscuration.
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1 INTRODUCTION
The discovery of a tight relationship between the masses of black
holes in nearby galaxies and the velocities and masses of their stel-
lar populations (e.g., Magorrian et al. 1998; Gebhardt et al. 2000)
strongly suggests that the active phase of black hole evolution has
profound effects on the formation of massive galaxies. If the energy
output of the black hole can somehow couple to the surrounding gas
– for example by blowing large-scale winds – then the observed
correlations can be reproduced (Hopkins et al. 2006). The physical
properties of such winds, their launching mechanisms, their impact
on galaxies, and their incidence in various types of active galaxies
are currently the subject of intensive observational and theoreti-
cal research efforts (e.g., Croton et al. 2006; Nesvadba et al. 2008;
Moe et al. 2009; Zubovas & King 2012; Wagner et al. 2013).
In the past several years, we have undertaken an observational
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campaign to map out the kinematics of the ionized gas around lu-
minous obscured quasars (Zakamska et al. 2003; Reyes et al. 2008)
using Magellan, Gemini and other facilities in search of signatures
of quasar-driven winds (Greene et al. 2009, 2011, 2012; Liu et al.
2013a,b; Hainline et al. 2013, 2014). In our observations, we are
focusing on the most powerful quasars, where feedback effects are
expected to be strongest, and we take the observational advantages
provided by circumnuclear obscuration to maximize sensitivity to
faint extended emission associated with quasar feedback. Our goal
is to determine whether quasars can launch powerful winds via ra-
diation pressure (Murray et al. 1995; Proga et al. 2000) in the most
common radio-quiet mode of accretion activity, without the aid of
the relativistic jets known to drive gas outflows in some objects
(Nesvadba et al. 2008).
In December 2010, we conducted a Gemini-North Multi-
Object Spectrograph (GMOS-N) Integral Field Unit (IFU) cam-
paign which targeted a sample of eleven obscured “type 2” lumi-
nous radio-quiet quasars at z ∼ 0.5. In the papers describing our
results (Liu et al. 2013a,b), we present the analysis of the extents,
morphologies and gas kinematics of the narrow emission line re-
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gions of these objects, predominantly via the [O iii]λ5007Å line
(hereafter [O iii]). We detect extended emission line nebulae in ev-
ery case, extending out to 15–40 kpc from the center of the galaxy.
Compared to ionized gas nebulae around radio-loud objects at low
and high redshifts, our targets show morphologies that are more
regular and smooth and less elongated (Liu et al. 2013a). The neb-
ulae in our sample display well-organized velocity fields with ve-
locity dispersions ∼ 103 km s−1 over the entire face of the nebulae
(Liu et al. 2013b). The most likely explanation for these observa-
tions is that the quasars in our sample have ionized gas winds with
large covering factors and propagation velocities (∼ 800 km s−1)
that likely exceed the escape velocities of their host galaxies; we
estimate the kinetic energies of the outflowing ionized gas to be
well in excess of 1044 erg s−1. Our analysis demonstrates that ob-
scured radio-quiet quasars can drive gas outflows of similar scale,
luminosity and velocity as those seen in some powerful radio galax-
ies (Nesvadba et al. 2008).
The standard geometric unification model postulates that type
1 and type 2 quasars differ only by the orientation of the ob-
server’s line of sight relative to distribution of the obscuring ma-
terial (Antonucci 1993). In this case, the observer’s line of sight
is blocked in type 2 objects, but photons from the quasar can es-
cape along other directions, scatter off the interstellar material in
the host galaxy and reach the observer. We find strong support for
this picture in luminous type 2 quasars: both extended scattering
regions (Zakamska et al. 2006) and scattered broad emission lines
(Zakamska et al. 2005) are seen in the data. Thus the objects in our
sample are unambiguously seen as type 1 quasars along the unob-
scured directions. If type 1 and type 2 objects differ only by the ori-
entation of the circumnuclear obscuration relative to the observer’s
line of sight, then we expect to see very similar distributions of ion-
ized gas around quasars of both types (modulo perhaps some minor
differences if the ionized gas is distributed in bicones which would
be viewed closer to or farther from the axis in type 1 and type 2
sources, respectively).
However, there may be more to the story. Theoretical models
of galaxy formation have long utilized evolutionary scenarios in
which galaxy mergers induce both star formation and nuclear ac-
tivity. This active phase, characterized by largely obscured (type
2) accretion and star formation, is then terminated by a quasar-
driven wind which clears out the surrounding gas and triggers a
transition of the active black hole into an unobscured (type 1)
quasar phase (e.g., Sanders & Mirabel 1996; Hopkins et al. 2006;
Hopkins & Hernquist 2010). A variety of observational studies
support a transition of this type, finding that type 2 quasar host
galaxies exhibit more energetically significant star formation than
those of type 1’s (e.g., Zakamska et al. 2008; Lacy et al. 2007). In
this evolutionary paradigm of quasar obscuration, one might expect
to find more prominent winds in the type 2 objects (more charac-
teristic of the “blow-out” phase) than in the type 1’s.
In this paper we present an observational test of evolutionary
models and geometric models of quasar obscuration. We investi-
gate whether the properties of the ionized gas nebulae around lu-
minous quasars are associated in any way with the circumnuclear
obscuration that determines the optical type of the active nucleus.
We select a sample of 12 type 1 quasars that are well-matched in
redshift and [O iii] luminosity to our previously studied sample of
luminous obscured quasars (Liu et al. 2013a,b) and conduct obser-
vations of the ionized gas around these objects in a manner identical
to the one we employed in our previous work. In Section 2 we de-
scribe sample selection, observations, data reduction and calibra-
tions. In Section 3, we present maps of the ionized gas emission,
and in Section 4 we compare properties of nebulae in obscured and
unobscured quasars. In Section 5 we discuss the implications of
our findings, discuss morphologies of the nebulae, and we summa-
rize in Section 6. As in Liu et al. (2013a,b), we adopt a h=0.71,
Ωm=0.27, ΩΛ=0.73 cosmology throughout this paper; objects are
identified as SDSS Jhhmmss.ss+ddmmss.s in the tables and are
shortened to SDSS Jhhmm+ddmm elsewhere; and the rest-frame
wavelengths of the emission lines are given in air.
2 DATA AND MEASUREMENTS
2.1 Sample selection
In our previous Gemini IFU campaign completed in December
2010, we mapped ionized gas nebulae around eleven type 2 radio-
quiet quasars selected from (Reyes et al. 2008). These objects were
selected to be as luminous as possible in the [O iii] line (L[O III] >
1042.8 erg s−1, corresponding to estimated intrinsic luminosities of
the active nucleus of MB < −26.2 mag) while being at low enough
redshift (0.4 < z < 0.6) to maximize the spatial information. In this
work, we study a sample of twelve type 1 radio-quiet/weak quasars
selected from (Shen et al. 2011) according to the following criteria:
(i) We match the [O iii]λ5007Å line luminosities of the se-
lected unobscured quasars to the 11 obscured quasars we stud-
ied in Liu et al. (2013a,b). The selected quasars have [O iii] line
luminosities L[O III] > 1042.9 erg s−1 (Figure 1).
(ii) As we do for Liu et al. (2013a,b), we select the objects at
redshifts z = 0.4–0.6 (Figure 1).
(iii) All quasars are selected to be radio-quiet/weak. Conser-
vatively, we require their radio flux at 1.4 GHz from FIRST
and NVSS (Becker et al. 1995; White et al. 1997; Condon et al.
1998) to be f1.4 GHz < 10 mJy, a criterion identical to the one
applied for the obscured sample.
(iv) We focus on objects with high [O iii] equivalent widths,
which also tend to have low Fe ii luminosity (Boroson & Green
1992). The reasons are two-fold. First, the relatively low lev-
els of continuum and Fe ii emission reduce contamination from
the bright point-like quasar making it easier to perform mea-
surements of faint extended emission. Second, we thus maxi-
mize our chances of resolving the extended [O iii] emission in
light of the recent suggestion that the most extended and lumi-
nous ionized gas nebulae are found around quasars with weak
emission from Fe ii lines and complexes (Matsuoka 2012). As
a result, considerable Fe ii emission only exists in two of our
targets (SDSS J0304+0022 and SDSS J0924+0642). In general,
[O iii] selection results in a bias toward objects with radio jets
(Boroson 2002), but because we also impose a stringent limit
on the radio emission, such objects are unlikely to dominate our
sample. The origin of radio emission in radio-weak objects is a
topic of active debate (Condon et al. 2013; Mullaney et al. 2013;
Zakamska & Greene 2014). For our purposes the important as-
pects of the selection are that (1) our sources are not dominated
by powerful relativistic jets, and (2) the type 1 and type 2 sources
are selected to have similar radio properties to enable a direct
comparison.
We show the SDSS spectra of our chosen targets in Figure
2. Although all spatial information is lost, these spectra (collected
within a 3′′ fiber) cover a much broader wavelength range than our
Gemini data.
c© 2013 RAS, MNRAS 000, 1–17
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Table 1. Properties of our Gemini unobscured quasar sample.
Object name f1.4 GHz MB R z PA texp λc Seeing log L[O III] η νLν, 8 µm
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
SDSS J023342.57−074325.8 <1.1 −24.8 <0.4 0.4538 300 1620×2 800 0.42 43.13 2.94±0.03 45.05
SDSS J030422.39+002231.8 <0.8 −26.9 <−0.3 0.6385 0 1620×2 800 0.47 42.82 3.89±0.37 45.91
SDSS J031154.51−070741.9 <1.1 −25.4 <0.5 0.6330 180 1620×2 800 0.60 42.94 3.93±0.14 45.84
SDSS J041210.17−051109.1 3.2 −26.0 0.5 0.5492 185 1620×2 760 0.39 43.50 2.58±0.07 45.79
SDSS J075352.98+315341.6 <1.0 −24.5 <0.5 0.4938 180 1620×2 760 0.51 42.62 2.57±0.05 44.63
SDSS J080954.38+074355.1 <1.0 −26.6 <0.0 0.6527 270 1620×2 800 0.48 43.25 3.88±0.07 45.66
SDSS J084702.55+294011.0 <1.0 −25.0 <0.5 0.5662 270 1620×2 760 0.60 42.71 3.12±0.11 44.98
SDSS J090902.21+345926.5 <1.0 −25.5 <0.3 0.5749 210 1620×2 800 0.63 43.12 4.22±0.07 45.62
SDSS J092423.42+064250.6 <1.1 −26.1 <0.1 0.5884 280 1620×2 800 0.48 42.95 4.54±0.22 45.55
SDSS J093532.45+534836.5 <1.0 −25.3 <0.6 0.6864 270 1620×2 760 0.70 43.20 3.73±0.03 45.26
SDSS J114417.78+104345.9 <1.0 −25.3 <0.5 0.6785 0 1620×2 760 0.54 43.30 4.68±0.20 45.24
SDSS J221452.10+211505.1 <2.5 −25.1 <0.6 0.4752 284 1620×2 800 0.45 42.78 3.58±0.10 45.08
Notes. – (1) Object name. (2) Observed radio flux at 1.4 GHz in mJy, taken from the FIRST survey (Becker et al. 1995; White et al. 1997) and the NVSS
survey (Condon et al. 1998, for SDSS J0412−0511 and SDSS J2214+2115). None of the sources with FIRST coverage are detected, so we report here the
upper limits for point sources (5σ+0.25 mJy, Collinge et al. 2005). SDSS J2214+2115 does not have coverage in FIRST and is not included in the NVSS
point-source catalog; thus we place an upper limit of f1.4 GHz . 2.5 mJy. (3) Absolute magnitude in the rest-frame B band, derived by convolving the SDSS
spectra to the transmission curve of the Johnson B filter and converting the flux density averaged over the bandwidth (∆λ = 940 Å) to the AB magnitude
at the effective wavelength midpoint λeff = 4450 Å (Binney & Merrifield 1998). (4) Radio-to-optical flux ratio, defined as R = log (F1.4 GHz/FB), where
F1.4 GHz and FB are the rest-frame 1.4 GHz and B-band fluxes, respectively. K-correction for the radio flux is calculated following Zakamska et al. (2004),
assuming a power-law spectrum of Fν ∝ ν−0.5. All of our objects satisfy the conventional criterion that requires radio-quiet/weak objects to have R < 1
(Kellermann et al. 1989). (5) Redshift, from Shen et al. (2011). (6) Position angle of the shorter axis of the field of view, in degrees east of north. (7)
Exposure time in seconds and number of exposures. (8) Central wavelength of the grating R400 used for the object in nm. (9) Full width at half maximum
(FWHM) of the seeing at the observing site, in arcseconds. (10) Total luminosity of the [O iii]λ5007Å line (logarithmic scale, in erg s−1), derived from our
data calibrated against SDSS spectra. The SDSS DR10 spectra of the sample objects are accurate within .5%. We estimate that subtracting continuum and
Fe ii introduces ∼10% uncertainty and the procedure of flux calibration against SDSS spectra introduces another ∼10%. Thus the uncertainty of log L[O III]
is about 15%. (11) Absolute value of the best-fit power-law exponent of the outer part of the [O iii] profile along the major axes (i.e., IR,[O III] ∝ R−η, see
Figure 5). (12) Luminosity at rest-frame 8 µm (logarithmic scale, in erg s−1), interpolated from WISE photometry.
Table 2. Properties of our Gemini unobscured quasar sample (continued).
Object name Rcont5σ ǫcont5σ R5σ ǫ5σ Rconteff Reff Robs ǫobs Rint ǫint ∆vmax 〈W80〉 W80,max ∇W80 〈A〉 〈K〉
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)
SDSS J0233−0743 8.5 0.15 16.6 0.35 2.7 2.8 12.4 0.35 10.7 0.44 164 540 544 −4.8 −0.05 1.22
SDSS J0304+0022 12.3 0.02 9.8 0.15 2.9 2.8 8.2 0.12 7.9 0.19 576 1630 2002 −9.9 −0.12 0.87
SDSS J0311−0707 13.2 0.14 11.0 0.14 3.6 3.3 8.7 0.10 7.9 0.09 286 1353 1260 −5.3 −0.26 1.97
SDSS J0412−0511 9.9 0.04 13.7 0.18 2.4 2.3 13.1 0.18 11.1 0.14 266 1248 1476 −4.8 0.04 2.19
SDSS J0753+3153 7.8 0.10 8.7 0.07 2.6 2.6 6.3 0.06 5.2 0.03 165 333 578 0.7 0.04 1.18
SDSS J0809+0743 12.4 0.03 12.5 0.10 3.6 3.6 11.2 0.14 10.2 0.14 192 879 962 −5.2 −0.20 1.42
SDSS J0847+2940 8.3 0.05 11.9 0.21 4.0 3.8 8.6 0.16 7.4 0.09 115 473 678 −5.2 −0.10 1.73
SDSS J0909+3459 11.7 0.15 13.3 0.12 4.4 3.9 11.4 0.13 9.7 0.12 101 610 1075 −3.1 0.05 1.52
SDSS J0924+0642 11.5 0.05 9.1 0.02 2.6 2.7 7.9 0.07 7.7 0.12 83 914 1089 −0.8 −0.13 1.15
SDSS J0935+5348 11.5 0.04 13.6 0.12 4.6 4.5 11.7 0.14 11.0 0.13 249 750 780 −2.5 0.02 1.26
SDSS J1144+1043 10.3 0.10 14.2 0.11 4.6 4.7 13.0 0.11 12.4 0.11 305 715 958 −4.1 −0.04 1.38
SDSS J2214+2115 9.7 0.04 10.8 0.05 2.6 2.5 7.1 0.04 5.8 0.04 238 688 773 −7.1 −0.26 1.66
Notes. – (1) Object name. (2, 3) Semi-major axis (in kpc) and ellipticity (ǫ ≡ 1 − b/a) of the best-fit ellipse which encloses pixels with S/N>5 in the
continuum map. (4, 5) Semi-major axis (in kpc) and ellipticity of the best-fit ellipse which encloses pixels with S/N>5 in the [O iii]λ5007Å line map.
(6, 7) Half-light isophotal radius (effective radius) of the continuum and [O iii]λ5007Å line emission (semi-major axis, in kpc). (8, 9) Isophotal radius
(semi-major axis, in kpc) and ellipticity at the observed limiting surface brightness of 10−16 erg s−1 cm−2 arcsec−2 . (10, 11) Isophotal radius (semi-major
axis, in kpc) and ellipticity at the intrinsic limiting surface brightness (corrected for cosmological dimming) of 10−15 erg s−1 cm−2 arcsec−2 . (12) Maximum
median velocity range across the kinematic maps of the nebulae (see Figure 6), in km s−1. For each object, the 5% tails on either side of the distribution
of median velocities are excluded for determination of ∆vmax to minimize the effect of the noise. (13, 16, 17) Widths W80 (km s−1), asymmetries A and
kurtosis K values of the integrated [O iii]λ5007Å velocity profiles, measured from the SDSS fiber spectrum. (14) Maximum W80 and most negative v02
values in their respective spatially-resolved maps (km s−1). Like for ∆vmax, the 5% tails on either side of their respective distributions are excluded. (15)
Observed percentage change of W80 per unit distance from the brightness center, in units of % kpc−1. It is defined as ∇W80 ≡ δW80/R5, where R5 is the
maximum radius for the region where the peak of the [O iii]λ5007Å line is detected with S/N>5, and δW80 = 100 × (W80,R=0 − W80,R5 )/W80,R=0 .
c© 2013 RAS, MNRAS 000, 1–17
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Figure 1. Distribution of the redshifts and [O iii] luminosities of the proposed type 1 quasars (solid lines). The sample is selected from the Sloan Digital Sky
Survey (SDSS) quasar catalog (Shen et al. 2011) to match both quantities to the type 2 quasar sample that has been observed in our previous Gemini GMOS
program (dotted lines).
2.2 Observations and data reduction
We observed twelve radio-quiet/weak unobscured quasars (Table 1)
with GMOS-N IFU (Allington-Smith et al. 2002) between 2012
September and 2013 January (program ID: GN-2012B-Q-29, PI:
G. Liu) to determine the spatial distribution of their emission. We
use the two-slit mode that covers a 5′′×7′′ field of view, translating
to a physical scale of 30×42 kpc2 at z = 0.5, the typical redshift of
our objects. The science field of view is sampled by 1000 contigu-
ous 0.2′′-diameter hexagonal lenslets, and simultaneous sky obser-
vations are obtained by 500 lenslets located ∼1′ away. The seeing
at the time of our observations was between 0.4′′ and 0.7′′ (2.4–4.2
kpc at z ∼ 0.5).
All objects were observed in the i-band (7060–8500 Å) so as
to cover the rest frame wavelengths 4100 < λ < 5200 Å and thus
the [O iii]-Hβ region. To ensure that none of the important emis-
sion lines in this region is severely affected by the slit gaps, we
tune the central wavelength to either 760 or 800 nm, according to
their respective redshifts. The grating R400-G5305 we used has a
spectral resolution of R=1918. As the width of our observed [O iii]
line is always well above the instrumental resolution (full width at
half maximum of unresolved sky lines is FWHM= 137±12 km s−1;
Liu et al. 2013b), the velocity structure of our objects is well re-
solved. The basic information for our quasar sample and the Gem-
ini campaign is summarized in Table 1.
For each object in each band, we took two exposures of 1620
sec each without spatial offset. We perform the data reduction in the
same way as for the obscured quasars (Liu et al. 2013a). We use
the Gemini package for IRAF1, following the standard procedure
for GMOS IFU described in the tasks gmosinfoifu and gmosexam-
ples2, except that (a) we use an overscan instead of a bias image
throughout the data reduction, and adjust the relevant parameters
so that the bias correction is applied only once on each image, and
(b) we set the parameter “weights” of gfreduce to “none” (in con-
trast to “variance” as suggested by the standard example) to avoid
significantly increased noise in some parts of the extracted spec-
trum. The final product of the data reduced from each exposure is a
data cube with 0.1′′ spatial pixels (“spaxels”). The two frames are
finally combined using the tasks imcombine by taking the mean
spectra in each spaxel.
1 The Image Reduction and Analysis Facility (IRAF) is distributed by the
National Optical Astronomy Observatories which is operated by the Asso-
ciation of Universities for Research in Astronomy, Inc. under cooperative
agreement with the National Science Foundation.
2 http://www.gemini.edu/sciops/data/IRAFdoc/gmosinfoifu.html
2.3 Flux Calibration and Continuum / Fe ii Subtraction
We flux-calibrate our data using the spectra of our science targets
from the SDSS Data Release 10 (Ahn et al. 2013)3. SDSS spectra
are collected by fibers with a 3′′ diameter at a typical seeing of ∼2′′,
and SDSS spectro-photometric calibrations are likely good to 5%
or better (Adelman-McCarthy et al. 2008). Since SDSS fiber fluxes
are calibrated using point spread function (PSF) magnitudes, SDSS
spectrophotometry is corrected for fiber losses.
In view of the limited wavelength coverage of our IFU data,
we choose the rest-frame wavelength range of 4980Å to 5050Å
which is covered with good sensitivity for all objects to per-
form the flux calibration. To simulate the SDSS fiber observa-
tions, we convolve the IFU image at each wavelength with a Gaus-
sian kernel whose Full Width at Half Maximum (FWHM) satisfies
FWHM2 + seeing2 = 2′′2 to mimic the SDSS observing conditions
and then we extract the spectrum using a 3′′-diameter circular aper-
ture. We then collapse the spectrum between rest-frame 4980 and
5050Å and compare the resultant flux to that of the SDSS spectrum
after converting SDSS vacuum wavelengths to air. The calibration
of the SDSS data includes a PSF correction to recover the flux out-
side the fibers assuming a 2′′ seeing, which needs to be removed
for our purpose. In the last step of our calibration, we downgrade
the image of our standard star to 2′′ resolution and find that a 3′′
circular aperture centered on the star encloses ∼80% of the total
flux. This factor is taken into account for the final calibration of the
IFU data against the SDSS spectra.
In order to remove the contamination from Fe ii emission, we
fit the continuum in the vicinity of the [O iii]-Hβ region with the
sum of a polynomial and the Fe ii template from Boroson & Green
(1992). As part of the fit, we smooth the Fe ii template using a
Gaussian kernel, whose width is a free fitting parameter, to take into
account that the velocity dispersion of Fe ii emission varies from
object to object. The polynomial is set to be quadratic for all targets
with the exception of SDSS J0924+0642, for which cubic functions
are necessary to produce reasonable fits. The Gemini spectra after
continuum and Fe ii subtraction, coadded spatially within a circular
annulus between 0.5′′ and 2′′ radii, are shown in Figure 3.
Fe ii contamination to our [O iii] analysis is insignificant or
negligible in most (10 out of 12) of our targets, because the sample
is pre-selected to have low Fe ii equivalent width. Considerable Fe
ii contamination is present only in SDSS J0304+0022 and SDSS
J0924+0642. Specifically, in Figure 2, the strong Fe ii contamina-
tion in the [O iii]-Hβ wavelength region essentially swamps the [O
3 http://www.sdss3.org/dr10
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Figure 2. Spectra of the twelve proposed targets in their respective rest frames, from Data Release 8 of the Sloan Digital Sky Survey. We concentrate on
quasars that have high equivalent widths of [O iii] and low equivalent width of Fe ii (Boroson & Green 1992). The marked emission lines are: (a) [O ii] 3727Å;
(b) [Ne iii] 3869Å; (c) [Ne iii] 3871Å; (d) Hδ 4102Å; (e) Hγ 4341Å; (f) [O iii] 4363Å; (g) He ii 4686Å; (h) Hβ 4861Å; (i) [O iii] 4959Å; (j) [O iii] 5007Å. The
velocity substructures in the [O iii] 5007Å line is shown in the right panels, where de-redshifting is performed using their SDSS redshifts (Table 1).
iii]λ4959Å emission, whereas after Fe ii and continuum subtraction
this feature is revealed with the same velocity structure as the [O
iii]λ5007Å line (Figure 3).
3 [O iii] LINE FITTING AND SURFACE BRIGHTNESS
MAPS
For obscured quasars, we created the [O iii] maps by directly col-
lapsing the datacube over the [O iii] wavelength range (Liu et al.
2013a). This was possible because the direct emission from the
quasar itself is blocked by circumnuclear obscuration. In our sam-
ple of unobscured quasars, the analysis is more complicated be-
cause the overall emission is dominated by the directly observable
c© 2013 RAS, MNRAS 000, 1–17
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Figure 3. Gemini spectra of our quasar sample after continuum and Fe ii subtraction, spatially collapsed within a circular annulus between 0.5′′ and 2′′ radii.
Flux densities are normalized by the peak flux density in the [O iii]-Hβ wavelength range. In the integrated spectrum of SDSS J0304+0022 the [O iii]λ4959Å
is not detected, but it is recovered after continuum and Fe ii subtraction.
continuum and the broad emission lines that originate near the su-
permassive black hole, rather than in the much more extended host
galaxy. Even after we perform continuum and Fe ii subtraction from
the overall spectrum of each spaxel, [O iii] maps of type 1 quasars
are contaminated by the residual continuum.
We can minimize these residuals by taking advantage of the
spectroscopic information to better isolate the [O iii] emission
through line fitting. In each spaxel, we perform linear continuum +
N-component Gaussian fits to the [O iii] line profiles from the flux-
calibrated data cubes following the strategy described in Liu et al.
(2013b, Section 2.2). As in the case of obscured quasars, we find
that a combination of N = 1–3 Gaussians is sufficient for every
source in our sample so that the reduced χ2 is < 2 except for
sporadic problematic spaxels. The intensity of the [O iii] line in
each spaxel is then computed from the multi-Gaussian fit, not from
the observed profile. The final [O iii] surface brightness maps are
shown in Figure 4. The surface brightness sensitivity (rms noise)
of these maps is in the range σ = (0.5–1.5) ×10−17 erg s−1 cm−2
arcsec−2.
In Figure 5 we show a comparison of the surface brightness
profiles of the [O iii] emission and quasar continuum with the PSFs.
All profiles are extracted using simple circular annuli. To determine
the PSF for each observation, we directly measure the FWHM of
the seeing from a sample of field stars in the acquision images taken
right before the science exposure. We then use the radial profile of
the standard star observed with the IFU, but rescale it in the spatial
direction to reproduce the correct FWHM of the science observa-
tion.
By comparing the radial profiles of the PSFs and the [O iii]
emission, we find that the majority (8/12) of the target [O iii] neb-
ulae are clearly more extended than the PSF. Among the remain-
ing targets with [O iii] profiles approximating the PSF, 3 quasars
(SDSS J0311−0707, SDSS J0753+3153 and SDSS J2214+2115)
are marginally resolved, because of unambiguous changes in ra-
dial velocity (>160 km s−1) across their extents (Figure 6) or varia-
tions in their velocity dispersions (Figure 7). Kinematic differences
across the nebulae give a strong indication that these sources are
extended. The remaining object SDSS J0924+0642 is not resolved.
Its spatial profile is consistent with the PSF, and its velocity field,
although well organized, has a measured maximum velocity dif-
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Figure 4. Intensity maps of the [O iii] line in the 12 unobscured quasars in our sample, shown on a logarithmic scale. The tick marks of the color bars are in
units of 10−14 erg−1 s−1 cm−2 arcsec−2 . In each spaxel, the [O iii] flux is calculated from a multi-Gaussian fit to the spectral profile of the line. The seeing at
the observing site is depicted by the open circle whose diameter is the FWHM of the PSF. SDSS J0924+0642 is the only object that is likely unresolved.
ference of only ∼ 80 km s−1, and its velocity dispersion is almost
constant in all parts of the nebula.
In order to characterize the physical extents of the nebu-
lae around obscured quasars, we previously defined four differ-
ent size measures and discussed their advantages and disadvan-
tages (Liu et al. 2013a): R5σ, the semi-major axis of the best-
fitting ellipse enclosing S/N>5 spaxels; Reff , the half-light radius;
Robs, the isophotal radius at a surface brightness of 10−16 erg s−1
cm−1 arcsec−2; Rint, the isophotal radius at a surface brightness of
10−15/(1 + z)4 erg s−1 cm−1 arcsec−2 corrected for cosmological
dimming. In Table 2 we report all of these quantities for the [O
iii] line and the first two size measures for the continuum as well.
As we pointed out in Liu et al. (2013a), the most physically mo-
tivated measure for the [O iii] extent is Rint, which is independent
of redshift and the depth of the data and is thus most suitable for
comparing sizes of nebulae from different observations. For the 4
quasars that are marginally or unresolved, we report the measured
sizes as upper limits.
We also create continuum images of our quasars by collaps-
ing the spectrum over a wavelength interval free of line signatures.
Depending on the quasar redshift and wavelength coverage of the
IFU data, the median wavelength range we use is 4700 to 5200 Å
excluding line emission features. The spatial profiles of the contin-
uum emisson are depicted by dashed lines in Figure 5. The contin-
uum is more compact than [O iii] emission, as is expected since it
is dominated by the emission of the point-like quasar. The contin-
uum emission is approximately consistent with the PSF in about 5
objects (noted in Table 1), but is resolved or marginally resolved
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Figure 5. Radial profiles of the surface brightness of [O iii] emission (solid lines), of quasar continuum emission (dashed lines), and of the PSF (dotted lines).
[O iii] and quasar continuum profiles are clipped at 5σ. The peak [O iii] surface brightness (I0) marked on each panel is in units of 10−14 erg s−1 cm−2 arcsec−2 .
Also given in each panel is the absolute value of the best-fitting exponent of power-law fits (η) to the outer regions of the nebulae along the semi-major axes
(i.e. IR,[O III] ∝ R−η). Vertical dash-dot lines mark the isophotal radii at a surface brightness level of 10−15/(1 + z)4 erg s−1 cm−2 arcsec−1 (i.e. Rint listed in
Table 2).
in the other objects. The resolved blue continuum may be due to
quasar light scattered off of the interstellar matter of the host galaxy
(Borguet et al. 2008) or due to star formation in the quasar host
(Letawe et al. 2007; Silverman et al. 2009).
4 IONIZED GAS NEBULAE IN UNOBSCURED AND
OBSCURED QUASARS
Our observations of the type 1 quasars are well matched to those of
the type 2 quasar sample we conducted previously in redshift, [O iii]
luminosity, and parameters of observations and data reduction. The
major difference between the two samples is that the issues related
to the PSF of the unobscured quasar need to be addressed care-
fully for type 1 objects. Because most [O iii] nebulae around type
1 quasars are well-resolved, we are in a good position to directly
compare the ionized gas distribution around the two populations.
4.1 Physical extents and morphology
Unobscured quasars, like their obscured peers, are surrounded by
ionized gas nebulae that extend over a spatial scale comparable to
the typical size of a galaxy in every case.
Sizes. Taking data from Table 2, we first compare the sizes
of the [O iii] nebulae using the semi-major axes of the elliptical
isophotes fitted at the 5–σ surface brightness limit. In the type 2
sample, SDSS J0841+2042 and SDSS J1039+4512 can be catego-
rized as marginally resolved by our standard. Excluding marginally
or unresolved targets from both samples, we find the median and
the standard deviation of the detected [O iii] nebulae to be 〈RT15σ〉 =
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13.3±2.0 for the unobscured sample and 〈RT25σ〉 = 14.1±3.6 for the
obscured quasars, and 〈RT1int〉 = 10.7 ± 1.7 for the unobscured ob-
jects and 〈RT2int〉 = 12.9 ± 3.4 for the obscured ones when Rint (sizes
of the nebulae at a cosmologically corrected fixed surface bright-
ness limit) is considered. To compare the survival distributions of
the two samples with censored data, we perform the logrank test
using the twosampt task from the iraf stsdas package, finding the
probabilities that they are drawn from the same parent distribution
are 0.57 and 0.39 for R5σ and Rint, respectively. We therefore con-
clude that no significant difference is seen between the two samples
in their sizes, though the nebula of the unobscured quasars appear
slightly more compact than those of the obscured sample, and the
fraction of marginally or unresolved objects is slightly higher (type
1: 4/12, type 2: 2/11).
Morphology. In addition to the similar spatial extents, the un-
obscured quasar nebulae show regular morphology and are nearly
perfectly round, which is also very similar to the obscured sam-
ple. With marginally or unresolved objects excluded from both type
1 and type 2 samples, the median ellipticity measured at a sur-
face brightness of 10−15/(1 + z)4 erg s−1 cm−2 arcsec−2 is 〈ǫT1int 〉 =
0.14 ± 0.11 for the unobscured objects and 〈ǫT2int 〉 = 0.14 ± 0.11.
The logrank test gives a probability of 1.00 that both samples fol-
low the same distribution. Therefore, we do not observe significant
morphological difference between the two samples.
Radial profiles. The radial distribution of [O iii] emission from
the unobscured quasars also follow loci very similar to those of the
obscured sample. When the outer (R & 1′′) part of the [O iii] sur-
face brightness profile is fit by a power law IR,[O III] ∝ R−η and the
4 marginally or unresolved quasars are excluded, we find that the
best-fit exponent η ranges from 2.58 to 4.68 (Table 1) and has a
median 〈ηT1〉 = 3.88 ± 0.70, well consistent with the results from
the obscured quasar sample which has η = 3.00–5.70 and a me-
dian value of 〈ηT2〉 = 3.53 ± 0.87. The logrank test shows that the
probabilities that the two samples are drawn from the same parent
distribution is 0.28.
Hence, we conclude that no significant difference in sizes,
morphology or radial distribution is seen between the gas nebulae
of unobscured and obscured quasar samples.
4.2 Kinematic properties
To characterize the line-of-sight velocity and velocity dispersion
of the ionized gas, in every spaxel we use the multi-Gaussian fits
to the [O iii] line to measure the median velocity (vmed) and the
velocity interval that contains 80% of the total emission centered
at the median velocity (W80). These parameters, first introduced by
Whittle (1985), were also used to characterize the kinematics of the
[O iii] emission in the obscured quasar sample (Liu et al. 2013b).
The spatial distributions of vmed and W80 are shown in Figures 6
and 7.
Across every nebula, the median velocity of [O iii] emission
varies by up to a few hundred km s−1. Although some noisy spax-
els are present, most of the velocity variation proceeds in a smooth
fashion from one spaxel to the next, which implies that the velocity
profiles of [O iii] vary among the spaxels. The well-resolved veloc-
ity structure confirms that the [O iii] emission is spatially resolved
in our targets. Several of the objects show well-organized velocity
structures, with blue-shifted emission predominantly on one side
of the nebula and redshifted emission predominantly on the other
and with the line of nodes centered at the brightness peak (e.g.,
SDSS J0304+0022, SDSS J0311−0707, and SDSS J0935+5348).
In Table 2 we report the maximum difference in vmed between
Figure 8. The relationship between the luminosity-weighted line width
〈W80〉 (measured from the SDSS fiber spectrum) and the maximal range
of line-of-sight velocities ∆vmax for our unobscured quasar sample, com-
pared to the obscured quasars from Liu et al. (2013a,b). Each data point
represents an entire quasar.
the redshifted and the blueshifted regions ∆vmax after excluding the
5% highest and 5% lowest vmed values to minimize the effect of
noise. The maximum projected velocity difference ranges between
83 and 576 km s−1 among the twelve unobscured quasars. The same
measurement performed in the obscured sample yielded values of
89–522 km s−1 (Liu et al. 2013b).
The [O iii] velocity widths are just as high as those seen in type
2 quasars. Both the luminosity-weigthed overall 〈W80〉 (measured
from the SDSS fiber spectra which capture the integrated emission
from the nebulae) and the maxima of W80 in the spatially resolved
maps (excluding the 5% highest values) are listed in Table 2. The
maximal values are ∼1000 km s−1 or greater in most of the sample,
reaching 2000 km s−1. The object with the smallest line-of-sight
velocity dispersion appears to be SDSS J0753+3153 which has a
nearly constant W80 ∼ 300 km s−1 across the nebula.
In Figure 8, we show the distributions of the overall line
widths 〈W80〉 and the maximum velocity difference ∆vmax for both
type 1 and type 2 quasars. Excluding the only likely unresolved
target, SDSS J0924+0642, we do not find a significant differ-
ence between 〈W80〉 values in type 1 and type 2 objects, with the
Kolmogorov-Smirnov (K-S) test giving a p = 0.37 probability that
they are drawn from the same distribution. The median ∆vmax is
slightly larger in the unobscured sample (〈∆vT1max〉 = 238 ± 138 km
s−1) than in the obscured quasars (〈∆vT2max〉 = 161 ± 146 km s−1),
although the difference is not statistically significant (the K-S test
yields probability p = 0.15 that the two samples follow the same
distribution).
We find no correlation between the two quantities for the ob-
scured sample (Liu et al. 2013b). A weak correlation might exist
among the unobscured quasars (the Kendall rank correlation coef-
ficient τ = 0.60 with probability p = 0.01 that no correlation is
present).
The radial profiles of W80 are almost flat at projected distances
R . 5 kpc. At larger radii, the scatter increases with R, while W80
appears to decrease in 10/12 of the sample (by ∼5 % per kilopar-
sec from the brightness center) and remains roughly constant in
the two remaining objects (J0753+3153 and J0924+0642). This
is very similar to the profiles seen in type 2 quasars. As we dis-
cussed previously (Liu et al. 2013b), at least some of this decline
is due to the decrease in the signal-to-noise ratio which prevents
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Figure 6. The line-of-sight velocity maps of our quasars, in km s−1. In every spaxel, we use multi-Gaussian fits to the [O iii] emission line to determine the
median line-of-sight velocity. These values are determined relative to the overall quasar redshift (as measured by the SDSS pipeline by fitting a quasar template
to the overall fiber spectrum) and may be different by a few tens of km s−1 from the redshift of the host galaxy (Liu et al. 2013b). Only spaxels where the peak
of the [O iii] λ5007Å line is detected with S/N > 5 are plotted.
us from fitting multiple Gaussian components to the [O iii] in the
outer parts of the nebulae and from reliably measuring weak broad
bases to the [O iii] emission. However, we concluded that this ef-
fect was not sufficient to explain the entirety of the W80 decline and
that it was likely that the line-of-sight velocity width was in fact
slightly decreasing with projected distance. Given the similarity of
W80 profiles between the two samples, the same arguments apply
for the unobscured quasars as well. A declining W80 radial profile
becomes more plausible when the PSF smearing effect is taken into
account, which makes the high W80 values in the center spill into
outer regions and thus flattens the overall radial profile.
We measure line asymmetry A for the integrated [O iii] emis-
sion (tabulated in Table 2) as well as for every spaxel. Asymmetry is
defined as A = ((v90 − vmed) − (vmed − v10)) /W80, based on veloci-
ties at 10% and 90% of the cumulative line flux. For lines with blue-
shifted excess, this value is negative; this is what is predominantly
seen in our sample. Negative line asymmetries strongly suggest that
at least some of the narrow-line-emitting clouds form an outflow
whose redshifted part (directed away from the observer) is partly
extincted by the dust in the quasar host galaxy (Heckman et al.
1981; Whittle 1985). The distribution of asymmetries in unob-
scured quasars is statistically indistinguishable from that in ob-
scured ones (the K-S test gives a probability p = 0.62 that they are
drawn from the same distribution). Similarly, the measurements of
the shape parameter K = W90/(1.397 × FWHM) (defined via the
velocity width enclosing 90% of the flux) indicate that [O iii] pro-
files in type 1 quasars have heavier wings than a Gaussian and that
the typical shapes of the [O iii] lines in type 1 and type 2 quasars
are similar (p = 0.20 as given by the K-S test).
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Figure 7. The maps of the W80 parameter (measured in km s−1) for the type 1 quasars in our sample. W80 is a measure of the line-of-sight velocity dispersion of
the emission-line gas. For a Gaussian profile, W80 = 1.088×FWHM, and for the heavy-winged line profiles characteristic of our objects, W80 > 1.088×FWHM.
Only spaxels where the peak of the [O iii] λ5007Å line is detected with S/N > 5 are plotted.
5 DISCUSSION
5.1 Size-luminosity relation
It would seem reasonable that quasars with higher luminosity
would have larger photo-ionized nebulae around them. The number
of photons available for photo-ionization varies with distance from
the quasar r as ∝ Lbol/4πr2. Therefore, in the simplest possible
model – in which the density of particles within the line-emitting
clouds is the same everywhere – the size of a region with a given
ionization parameter is ∝ L1/2bol . If the narrow-line luminosity is an
accurate indicator of the bolometric luminosity with L[O III] ∝ Lbol,
then the [O iii] sizes and luminosities of nebulae should be related
via R ∝ L0.5[O III]. Somewhat shallower slopes (down to 0.33) can
be obtained under other assumptions about the L[O III]–Lbol relation
(Hainline et al. 2013; Bennert et al. 2006; Schmitt et al. 2003).
The observed slope of the size-luminosity relation is signifi-
cantly shallower than these simple estimates. By combining mea-
surements of [O iii] sizes in quasars with those in Seyfert 2 galaxies,
Greene et al. (2011) found a slope of 0.22±0.04. Liu et al. (2013a)
supplemented these observations with 11 objects at the very lumi-
nous end and used the same uniform distance-independent defini-
tion of nebular size Rint to find an exponent of 0.25±0.02. Incorpo-
rating our data points and observations from Hainline et al. (2013)
and Husemann et al. (2013) does not lead to significant changes to
the slope. In fact, taking into account the marginally or unresolved
sources as upper limits of Rint, we perform the Bayesian linear fit
employed by Liu et al. (2013a), which uses Markov Chain Monte
Carlo to calculate the posterior probabilities (Kelly 2007), and find
the following best-fit relation (Figure 9):
log
(
Rint
pc
)
= (0.23 ± 0.02) log
(
L[O III]
1042 erg s−1
)
+ (3.72 ± 0.02). (1)
The observed shallow slope of the size-luminosity relation-
ship likely indicates that the clouds located in the outer part of the
gas nebulae around luminous quasars are matter-bounded (as im-
plied by the line ratio measurements), i.e. the gas is fully ionized,
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Figure 9. Size-luminosity relation of the radio-quiet/weak unobscured quasars from our sample (filled circles) in terms of [O iii] (top) and mid-IR (bottom)
luminosities. Also included are previous observations of type 2 quasars (Liu et al. 2013a; Hainline et al. 2013; Greene et al. 2011; Humphrey et al. 2010), type
1 quasars (Husemann et al. 2013) and Seyfert 2 galaxies (Bennert et al. 2006; Fraquelli et al. 2003). Rint is the isophotal radius at the surface brightness of
10−15/(1 + z)4 erg s−1 cm−2 arcsec−2 (Liu et al. 2013a), and νLν,8 µm is the rest-frame 8 µm luminosity obtained by interpolating between WISE bands. Our
linear fit to the Rint vs. L[O III] relation results in a slope of 0.23 ± 0.02 (solid black line), consistent with Liu et al. (2013a, 0.25 ± 0.02, grey line). Our best-fit
piecewise linear fit to the Rint vs. νLν, 8 µm relation (solid black line) has a slope of 0.44 ± 0.02, a break at log νLbrν, 8 µm = 44.95 ± 0.06, a maximum radius of
log Rmax/(pc) = 4.06±0.01, well consistent with the result of Hainline et al. (2013, gray line). For the objects with νLν, 8 µm < 1045.5 erg s−1, we find a best-fit
slope of 0.37 ± 0.03.
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and the recombination rate cannot keep up with the ionization rate
(Liu et al. 2013a).
Because the conversion from Lbol to L[O III] involves a some-
what uncertain slope, Hainline et al. (2013) suggest using a more
direct measure of the bolometric luminosity, for example the lumi-
nosity at rest-frame 8 µm which traces emission from the warm
to hot dust near the supermassive black hole and thus should be
a good measure of the power of the central engine. We obtain the
rest-frame νLν, 8 µm by spline interpolating the photometry from the
Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010)
which provides all-sky catalogs at 3.4, 4.6, 12 and 22 µm.
Based on two objects from Husemann et al. (2013) and
Liu et al. (2013a), Hainline et al. (2013) report a tentative flatten-
ing of the relationship at the high luminosity end, suggesting the
existence of an upper limit on the size of the narrow-line region be-
yond which the increase in quasar luminosity does not result in an
increase in the size of the narrow-line region. As seen from Figure
9, the addition of our sample strengthens this finding: our data yield
6 quasars (half of the sample) that have νLν, 8 µm > 1045.5 erg s−1 but
Rint . 11 kpc, so that the total number of quasars in this regime
reaches eight. Excluding these objects, we perform the Bayesian
linear fit employing Markov Chain Monte Carlo used by Liu et al.
(2013a) again and find a best-fitting linear relation for the targets
with νLν, 8 µm < 1045.5 erg s−1:
log
(
Rint
pc
)
= (0.37 ± 0.03) log
(
νLν, 8 µm
1044 erg s−1
)
+ (3.63 ± 0.03). (2)
This result is consistent with that of Hainline et al. (2013,
slope = 0.41±0.02, intercept = 3.65±0.02) and is depicted by a dot-
ted line in Figure 9. If the flattening is characterized by a plateau,
we find the following best-fitting piecewise linear fit for all data
points but the upper limits:
log
(
Rint
pc
)
=

(0.44 ± 0.02) log
(
νLν, 8 µm
1044 erg s−1
)
+ (3.64 ± 0.02)
for νLν, 8 µm < 1044.95±0.06 erg s−1;
4.06 ± 0.01
for νLν, 8 µm > 1044.95±0.06 erg s−1.
(3)
This piecewise linear equation is shown by a solid black line in
the same figure, and is also in good agreement with Hainline et al.
(2013, slope = 0.47±0.02, intercept = 3.67±0.02, break luminosity
= 1044.86±0.05 erg s−1, and the limiting radius = 104.07±0.03 pc).
We must be cautious in interpreting the flattening seen in Fig-
ure 9. In particular, our type 1 quasars have been intentionally se-
lected to be matched in [O iii] luminosity to the type 2 quasars
from Liu et al. (2013a,b), and yet the former appear to be more
luminous by a factor of ∼ 3 than the latter in mid-infrared (mid-
IR). The significant IR-to-[O iii] ratio difference points to the in-
trinsic difference in the spectral energy distribution (SED) of the
two populations. The mid-IR continuum of type 2 quasars is much
redder than that of type 1s (Liu et al. 2013b), which likely means
that even the mid-IR emission is not an entirely isotropic lumi-
nosity indicator. Specifically, the slopes of the IR SEDs (defined
as νLν ∝ να) measured between rest-frame 5 and 12 µm are
α = −0.33± 0.27 for the type 1 sample (median and standard devi-
ation) and α = −1.13±0.55 for the type 2 sample. In type 2 objects
the thermal emission from hot dust seen at mid-IR wavelengths
can be affected by obscuration when propagating through the sur-
rounding much colder material in order to reach the observer, which
would result in both its reddening and overall suppression. This hy-
pothesis is further strengthened by the observation that many type 2
quasars show silicate absorption which is a bi-product of this pro-
cess (Knacke & Thomson 1973; Zakamska et al. 2008; Hao et al.
2005). If the [O iii] line is a more or less isotropic indicator of the
bolometric luminosity of the quasar, then type 1’s would appear
more luminous in the mid-IR than their [O iii]-matched type 2 coun-
terparts, as we see in Figure 9. Ryan C. Hickox et al. (private com-
munication) find a similar (0.3–0.4 dex) difference at L[O III] > 1043
erg s−1 between the type 1 and 2 spectral energy distributions when
averaged over large SDSS samples. Our knowledge of the details of
the mid-IR opacity curve of dust suffers from large systematic un-
certainties (Smith et al. 2007). To crudely estimate the amount of
extinction necessary to produce such difference in color between
type 1 and type 2 quasars, we assume that dust opacity is ∝ 1/λ
over optical-to-IR range and compute reddening in the simplistic
“screen of cold dust” approximation. To produce a > 0.3 dex red-
dening of the unobscured quasar continuum in the 5–12 µm range,
AV > 13 mag worth of dust obscuration would be required, in line
with typical limits on the amount of obscuration in type 2 objects
(Zakamska et al. 2004; also see Cleary et al. 2007, Haas et al. 2008
and Lacy et al. 2013 for extinction studies in mid-IR).
Thus there are two possible interpretations of Figure 9. The
first is that the 8 µm monochromatic luminosity is an accurate
probe of the bolometric luminosity of quasars regardless of the
type; then we must conclude that our new sample of unobscured
quasars is 0.3 dex more intrinsically luminous than the sample of
the obscured ones. In this case, since R[O III] and L[O III] are so sim-
ilar between the two, this implies that there exists an upper limit
on both the size (10 kpc) and the luminosity of the narrow-line re-
gion and neither of these values further increases with bolometric
luminosity.
The second interpretation is that L[O III] is a reasonably
isotropic measure of quasar luminosity, unbiased with respect to
quasar type. Then the difference in the 8 µm luminosity is due to
circumnuclear obscuration. As for the sizes, R[O III] are statistically
indistinguishable in type 1 and type 2 samples, and we are unable
to comment on the existence of the upper limit to the size, since our
new data do not in fact lead to an increase in the range of intrinsic
luminosities probed. We are inclined to accept this latter interpre-
tation because the mid-IR spectral energy distributions of the two
samples are undeniably different. In order to reliably probe the flat-
tening of the size-luminosity relationship (Netzer et al. 2004), ob-
jects with higher [O iii] and IR luminosities must be observed and
quasars of different types need to be considered separately.
The derived B-band absolute magnitude of our sample is
−25.6 ± 0.7 mag on average (Table 1), higher than that of the 19
radio-quiet type 1 quasars studied in Husemann et al. (2008) and
Husemann et al. (2013) located at z = 0.06–0.24 (−23.5 ± 0.08
mag). The detection rate of extended nebulae around our radio-
quiet/weak quasars (11/12) is significantly higher than that of theirs
(6/19), but the physical extents are comparable (Figure 9). Among
their 6 detected radio-quiet nebulae, 3 show one-sided or biconical
morphology and the rest are round, in contrast to our quasar neb-
ulae that are morphologically smoother and rounder in every case
(ellipticity ∼ 0.1).
5.2 [O iii]-to-Hβ ratio
The [O iii]-to-Hβ ratio is a powerful diagnostic of ionization condi-
tions in the nebula. In particular, in type 2 quasars this ratio remains
nearly constant over most of the nebula and then rapidly declines
with the distance from the central source, which we interpret as the
signature that the line-emitting clouds become fully ionized and
matter-bounded in the outer parts of the nebulae (Liu et al. 2013a).
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In type 1 quasars, this is a difficult measurement to replicate be-
cause of the contribution to the Hβ profile from the broad-line re-
gion of the quasar.
To perform this measurement, in every spaxel we subtract the
overall quasar continuum and Fe ii, and then we fit the Hβ line us-
ing a combination of Gaussians to isolate the narrow component.
In eight cases, only two Gaussian components are sufficient – one
for the broad component and one to the narrow one. The resulting
radial profiles of the [O iii]/Hβnarrow ratio are similar to the ones we
found in type 2 quasars, that is, the ratio persists at a constant value
(∼ 10) within a radius of Rbr ≃ 5–9 kpc (7 kpc on average) from
the center, and beyond this distance we detect a marginal decline
in [O iii]/Hβnarrow. In the remaining four objects, the spectral de-
composition of Hβ into a narrow and a broad component is highly
uncertain, even using the spatially integrated spectra.
For three objects, we show in Figure 10 the spectra collapsed
within two circular annuli that are within and beyond the break ra-
dius, respectively. The narrow Hβ component becomes stronger rel-
ative to the broad Hβ component in the outer parts, indicating that
the narrow Hβ, like the [O iii], is spatially resolved while the broad
emission is not. Furthermore, the ratio [O iii]/Hβnarrow is marginally
smaller, which is especially visible in the bottom panel for SDSS
J2214+2115.
In summary, despite the difficulties associated with the emis-
sion from the broad-line region of the quasar, we are able to mea-
sure the [O iii]/Hβnarrow ratios in the extended nebulae around type
1 quasars. We tentatively detect a decline of this ratio in the outer
parts of the nebulae, beyond the break radius, which we interpret as
due to the clouds becoming over-ionized (or matter-bounded), by
analogy to our findings in type 2 quasars. In that case, our hypoth-
esis was supported by the increase in the He ii λ4686Å-to-Hβ ratio
in the outer parts of the nebulae (Liu et al. 2013a), which we can-
not determine in type 1 quasars because of the contamination from
the broad-line region, but even without this additional diagnostic
it appears that the ionization conditions are very similar in type 1
and type 2 samples. Therefore, the uniform size of the nebulae is
likely set by the pressure profile (which in turn determines the ion-
ization conditions in the gas) and not necessarily by the presence
or absence of gas.
5.3 Origin of gas
The main result of this paper is the striking similarity of the ionized
nebulae around obscured and unobscured radio-quiet/weak quasars
at a matched [O iii] luminosity. The physical extents, shapes, mor-
phologies, and ionization conditions of the nebulae in the two
samples are very similar. Neither sample is dominated by illumi-
nated merger debris which would appear as spatially and kine-
matically separated clumps with relatively small velocity disperion
(Fu & Stockton 2009). The roundness of nebulae in both samples
and the similarity of nebular sizes between type 1 and type 2 sam-
ples point to wide-angle illumination patterns, which would make
the appearance of the nebulae relatively insensitive to the position
of the observer.
We previously demonstrated that the large line widths com-
bined with relatively small velocity differences across the nebulae
point to quasi-spherical outflows with typical velocities of ∼800 km
s−1 (Liu et al. 2013b). Alternative explanations, such as host galaxy
rotation, fall short of explaining the combination of morphological
and kinematic data. In particular, the velocity widths of the emis-
sion lines are too high to be comfortably accommodated by the ro-
tation of a disk galaxy, and the ubiquitous blue-shifted asymmetry
Figure 10. Spectra of three quasars, collapsed within an annulus inside the
break radius of the [O iii]/Hβnarrow profile, and another annulus beyond this
radius. All spectra are normalized so that the integrated [O iii] line intensity
is unity.
of the lines in both samples also points to gas in outflow. Further-
more, the nebulae are too large and too round to be produced in
inclined galaxy disks, not to mention that luminous type 2 quasars
predominantly reside in elliptical hosts (Zakamska et al. 2006) and
that the presence of large galactic disks would have likely produced
systematic differences in the type 1 and type 2 samples.
Thus, the outflow hypothesis still provides the most natural ex-
planation for our data for both type 1 and type 2 samples. At typical
velocities of ∼800 km s−1, the lifetimes of the nebulae is set by the
gas travel time to 13–14 kpc, roughly 107 years, comfortably close
to the typical lifetime of luminous quasars (Martini & Weinberg
2001; Martini 2004).
However, given the close similarity of nebulae in type 1 and
type 2 sources we run into a potential problem. How can all quasars,
both obscured and unobscured, show these large ionized regions
with long inferred lifetimes? For instance, in a classic “blow-out”
picture (Sanders & Mirabel 1996; Hopkins et al. 2006), we might
expect that the type 1 objects have already expelled the majority of
their gas, leaving themselves bare. Instead, we see no discernible
differences between the obscured and unobscured sources.
One possible solution to this problem is that instead of push-
ing the gas out of the galaxy, the quasars are simply lighting up
pre-existing gas, but then we still have the puzzle of what brought
the gas out to 13–14 kpc and moving with velocities that are incon-
sistent with the dynamical equilibrium of the gas within the host
galaxy. Perhaps the gas was brought there by a previous episode of
quasar activity (Ciotti & Ostriker 2001) or even by starburst-driven
winds (Heckman et al. 1990), although the typical velocities of the
gas seen in our sample are more consistent with quasar-driven feed-
back than with starburst-driven feedback (Rupke & Veilleux 2013;
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Hill & Zakamska 2013). Nevertheless, H i halo gas has been found
to commonly surround all galaxies, being either early-type or star-
forming (Thom et al. 2012). The bimodal metallicity distribution
of this ∼104-5 K halo gas indicates a mixture of metal-rich gas
originating from galactic outflows and tidally stripping and pristine
metal-poor gas freshly transported through cold accretion streams
(Lehner et al. 2013). The discovery of the probably pristine halo
gas offers an alternative possibility that our quasars are actually
lighting up circumgalactic gas in a non-equilibrium but almost
steady state.
Another solution – one that does not involve appealing to a
previous episode of activity – is to apply the purely geometric uni-
fication model, which is to say that type 1 and type 2 quasars in
the two samples are intrinsically very similar and are at the same
evolutionary stage. Then it would be unsurprising to find that the
large-scale distribution of ionized gas, relatively unaffected by the
circumnuclear obscuration, is similar in the two samples. In fact,
for a bi-conical model of quasar illumination (as commonly seen in
Seyfert galaxies; Mulchaey et al. 1996a,b) we expect to see some-
what smaller nebular sizes in type 1 objects (which are viewed
closer to on-axis) than in type 2s according to the standard geomet-
ric unification model, and in fact we do see a small (although not a
statistically significant) difference in nebular sizes between the two
samples, Rint = 10.7 ± 1.7 kpc for type 1s versus 12.9 ± 3.4 kpc for
type 2s. The purely geometric unification model is indirectly sup-
ported by HST images and spectropolarimetric observations of type
2 quasars (Zakamska et al. 2005, 2006). These observations show
that our type 2s are definitely seen as type 1s along some directions,
although this does not guarantee that the type 1 and type 2 samples
we observed with Gemini IFU are drawn from the same intrinsic
distribution of obscuration covering factors. In fact, this difference
is also in line with the theoretical evolutionary scenarios that antici-
pate unobscured quasars to be relatively gas-poor, because they are
in the post-“blow-out” phase when the gas that fuels both quasar
activity and star formation has been expelled from the host galaxy.
If we postulate that the type 1 and type 2 samples are intrinsi-
cally very similar and the gas seen in the halos of their host galaxies
got there as a direct result of the ongoing quasar activity, then we
find that both type 1 and type 2 quasars we are observing are at the
same — and fairly advanced — evolutionary stage. It is quite possi-
ble that these findings are strongly predicated on the exact method
of target selection. Indeed, in this paper we study type 1 and type 2
objects of very similar — and very high — [O iii] luminosities. It is
likely that such luminosities are not characteristic of earlier or later
stages of quasar feedback. In particular, in later stages of feedback
one can expect to see diffuse gas at large distances from the quasar
which does not necessarily manifest itself in line emission at opti-
cal wavelengths, so the [O iii] luminosity expected in such object
would be low and it would be missed by our survey. At the other ex-
treme, the initial acceleration and propagation of the outflow — the
“blow-out” phase (Sanders & Mirabel 1996; Hopkins et al. 2006)
— could be so dust-enshrouded that the photo-ionization of the
clouds by the quasar is suppressed, so that again the narrow-line
region emission is weak and such object would not be observed in
our study. Therefore in order to identify quasars at varying stages
of the quasar feedback process it is important to diversify tar-
get selection methods. Perhaps red quasars (Glikman et al. 2007;
Georgakakis et al. 2009) or FeLoBAL quasars (Farrah et al. 2007;
Faucher-Gigue`re & Quataert 2012) represent a young population
and are therefore worthwhile targets to examine in the search of the
younger phase of quasar-driven winds.
6 CONCLUSIONS
In this paper we examine the morphology and kinematics of the
ionized gas around twelve unobscured (type 1) quasars using data
from Gemini GMOS IFU. These objects are well matched in lu-
minosity, redshift and observational setup to the sample of eleven
obscured (type 2) quasars we studied previously using the same
method (Liu et al. 2013a,b). Observations of ionized gas around
type 1 quasars are notoriously difficult because of the emission
from the bright central point-like source. Continuum, Fe ii and
broad Hβ, all of which arise close to the supermassive black hole,
contaminate the [O iii] and Hβ emission that arises over the entire
host galaxy. We mitigate these difficulties by modeling the spec-
trum in every spatial element of the field of view and removing the
contaminating components.
Extended ionized gas emission is detected in most cases; in a
couple of objects, the [O iii] distribution is almost as compact as
the PSF, but even in these objects some velocity gradients are seen
across the nebula, indicating that faint extended emission is present
on top of a bright compact source of [O iii].
The shapes, the morphologies and the surface brightness pro-
files of the [O iii] emission in type 1 quasars are statistically in-
distinguishable from those in type 2 objects. The median sizes and
the standard deviations are Rint = 10.7 ± 1.7 kpc for type 1s vs
12.9±3.4 kpc for type 2s, and thus the nebulae in type 1 objects are
slightly smaller than those in type 2s, but given our sample sizes the
values are still consistent with being drawn from the same distribu-
tions. Similarly, we find no statistical differences between any of
the kinematic measures (velocity gradients across the nebulae, line
widths, line shape parameters) in the two samples. The [O iii]/Hβ
ratio is much harder to measure in type 1s than in type 2s because
of the contamination by the broad-line region of the unobscured
quasar, but within the measurement uncertainties this ratio follows
the same plateau + decline trend in type 1s as we see in type 2s. The
only significant differences between the two samples are in their
mid-IR luminosities (higher in type 1s) and mid-IR colors (redder
in type 2s) which both suggest that quasar emission is anisotropic
even at mid-IR wavelengths, while the [O iii] luminosity is a more
isotropic indicator.
The similarity of morphological and kinematic properties be-
tween type 1 and type 2 samples suggests that they are intrinsi-
cally very similar and that the standard geometry-based unifica-
tion model of active nuclei (Antonucci 1993) likely applies to these
sources. The ionized gas seen around quasars of both types is not in
dynamical equilibrium with the quasar host galaxies and is likely in
the form of an outflow. If this gas ultimately originated in a compact
distribution close to the quasar, then our observations suggest that
we are observing both samples at a fairly late evolutionary stage,
when most of the gas has already been removed from the galaxy.
Our samples of type 1 and type 2 objects were carefully selected to
have very similar – and very high – [O iii] luminosities, and there-
fore it is perhaps unsurprising that they probe the same evolution-
ary phase. The search for the earlier (“blow-out”) and later stages
of quasar feedback should continue among other populations which
are not necessarily characterized by high narrow-line luminosities.
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